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1. Temporality Summary: Total, 35 items in 21 groups reviewed. Reviewer assessments found sufficient evidence for all 3 questions of an appropriate 
temporal relationship between Zika virus (ZIKV) infection and the occurrence of congenital abnormalities, including microcephaly. The 
period of exposure to ZIKV was most likely to be in the first or early second trimester of pregnancy.  

1.1a Does ZIKV infection 
precede the 
development of 
congenital 
abnormalities in 
individuals? 

Case report, 7 [34, 
39, 52, 67, 80, 85, 

90];  
Case series, 9 [32, 
35-37, 40, 45, 51, 

68, 89];  
Cross-sectional: 1 

[88]; 
Cohort, 1 [42] 

[43, 65, 73, 74, 
76] linked to [68];  
[41, 75] linked to 

[51]; 
[30] linked to 

[37]; 
[31, 33] linked to 

[88] 
 

Brazil, Colombia, 
French Polynesia, 

Martinique, 
Slovenia,a United 
States of America 

(USA)a 

18 0 Exposure to ZIKV reported or assessed before the 
outcome: 

 180 of 265 mothers in 22 studies reported ZIKV-
related symptoms during pregnancy [32, 34-37, 39, 
40, 42, 45, 51, 52, 68, 80, 85, 88-90];  

 19 of 32 mothers with laboratory confirmed ZIKV 
infection had ZIKV antibodies or reverse transcriptase 
PCR (RT-PCR) positive result before the detection of 
foetal malformations (14 in Brazil, 2 in Colombia, 1 in 
Martinique, 2 returning travellers) [40, 42, 45, 52, 67]. 

1.1b. Is there a consistent 
time-dependent 
relationship between 
the occurrence of ZIKV 
cases and cases with 
congenital 
abnormalities at 
population-level? 

Ecological study/ 
outbreak report, 2 

[57, 78] 

[46, 49, 60, 86] 
linked to [78] 

Brazil 2 0 Temporal or spatiotemporal relationship between Zika 
case reports and congenital abnormalities in French 
Polynesia and Brazil. The time lag between Zika virus 
epidemic peak and microcephaly epidemic peak was 
approximately: 

 34 weeks in Pernambuco State, Brazil (see S3 Figure) 
[57]; 

 30 weeks in Bahia State, Brazil [78]. 

1.2 Is the timing of ZIKV 
infection during 
gestation and the 
observed pattern of 
congenital anomalies 
compatible with the 
expected stage of 
embryological 
development? 

Case report, 6  
[34, 39, 52, 80, 85, 

90]; 
Case series, 8  

[32, 35-37, 40, 51, 
68, 89]; 

Cohort study, 1; 
Cohort, 1 [42]; 

Cross-sectional: 1 
[88]; 

[43, 65, 73, 74, 
76] linked to [68];  
[41, 75] linked to 

[51]; 
[30] linked to 

[37]; 
[31, 33] linked to 

[88];  
[46, 49, 60, 86] 
linked to [78] 

Brazil, Slovenia,a 
USA,a French 

Polynesia 

18 0 Several studies in which the foetus or neonate had 
congenital abnormalities suggest that the most likely 
period of exposure to ZIKV was during the first or early 
second trimester: 

 117 women (105 in Brazil, 6 in French Polynesia, 6 
returning travellers) in 15 studies provided data about 
the presumed time point of exposure, of which 69.2% 
(81) were in the first trimester, 23.9% (28) in the 
second trimester and 6.9% (8) in the third trimester 
[32, 34-37, 39, 40, 42, 51, 52, 68, 80, 85, 88-90]; 
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Ecological study/ 
outbreak report, 1 

[78]; 
Modelling study, 1 

[47] 

 Several ecological studies assessed the most likely 
time point of exposure as the first [60, 78, 86] or the 
early second trimester [60] using SINASC and RESP 
data from Bahia State, Brazil. Based on data from 
Bahia State, the risk of microcephaly in the first 
trimester due to Zika virus infection was calculated to 
range from 0.88% (95% CI 0.8-0-97%) to 13.2% (95% 
CI 12.0-14.4%) [86]; 

 A statistical model for an ecological study using state-
level data assessed the most likely time point of 
exposure in Brazil between gestational week 14 (95% 
CI +/- 0.08 weeks) and gestational week 17 (95% CI +/-
0.11 weeks) [49]; 

 A statistical model for a retrospective study in French 
Polynesia assessed the most likely time point of 
exposure as the first trimester. The risk of 
microcephaly following maternal ZIKV infection in the 
first trimester was calculated as 1% [47]; 

2. Biological plausibility Summary: Total, 28 items in 25 groups reviewed. Reviewer assessments found sufficient evidence for 6 of 7 questions that address 
biologically plausible mechanisms by which ZIKV could cause congenital abnormalities.   

2.1 Which cell receptor(s) 
bind the ligand of ZIKV 
in humans? 

In vitro experiment, 
1 [29] 

None N/A 1 0 Findings from one study suggest that the 
phosphatidylserine-sensing receptor tyrosine kinase AXL 
is essential for viral entry into cells. Study aimed to 
identify entry receptors for a ZIKV strain from the 
French Polynesian outbreak. HEK293T (human 
embryonic) cells expressing the c-lectin DC-SIGN, AXL or 
Tyro3 had strongly enhanced viral replication, while 
pharmacological inhibition or silencing of AXL inhibited 
viral replication. Similarly, A549 (human 
adenocarcinoma alveolar epithelial cells) cells 
expressing TIM-1 and AXL, but not DC-SIGN showed 
strong inhibition of viral replication on inhibition or 
silencing of AXL. Human skin fibroblasts also showed a 
complete inhibition of viral replication upon silencing of 
AXL [29]. 
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2.2 Which tissues express 
such receptor(s) and at 
which gestational age 
are they expressed? 

In vitro experiment, 
1 [64] 

None N/A 1 0 Whole transcriptome sequencing of human developing 
cerebral cortex tissue showed high levels of AXL 
expression mainly in radial glia cells, astrocytes, 
endothelial cells and microglia. The spatial expression 
pattern of AXL was then determined using cerebral 
organoids derived from human induced pluripotent 
stem cells (hiPSCs). Immunohistochemistry (IHC) 
showed strong expression in the borders of the 
ventricle, in radial glia-like cells and surrounding the 
brain capillaries of organoids at the mid-neurogenesis 
stage. Expression in neuronal populations was less 
pronounced. The examination of AXL expression at 
gestational week 13.5 showed persistent expression in 
radial glia and around capillaries. Expression of AXL in 
human retinal samples of gestational weeks 10 and 12 
was found mainly in cells with a stem cell signature by 
mRNA seq. Immunostaining confirmed AXL expression 
on the outer margin of the retina [64]. 

2.3 Can ZIKV particles be 
found in the placenta, 
umbilical cord blood 
and/or amniotic fluid of 
previously or currently 
infected mothers and if 
yes, with what 
probability? 

Case report, 4 [38, 
52, 67, 85];  

Case series, 6 [36, 
37, 40, 51, 55-57, 

79] 

[41, 75] linked to 
[51]; 

[30] linked to 
[37]; 

 
 

Brazil, French 
Polynesia, 

Martinique, 
Panama, USAa 

10 0 ZIKV was found in placenta, amniotic fluid and umbilical 
cord blood of mother-infant pairs in Brazil, Martinique, 
French Polynesia, Panama and in returning travellers: 

 Amniocentesis confirmed presence of ZIKV by RT-PCR 
in 9 women (3 in Brazil, 4 in French Polynesia, 1 in 
Martinique, 1 returning travellers) [37, 38, 51, 52, 67];  

 ZIKV detected by RT-PCR or IHC in placental tissue or 
products of conception following miscarriages in 7 
women (4 in Brazil, 3 returning travellers). IHC of the 
placenta of one neonatal death showed 
immunopositivity mainly in Hofbauer cells and some 
histiocytes in intervillous spaces [36, 40, 52, 79, 85]; 

 ZIKV was detected by RT-PCR in the umbilical cord 
tissue of 2 babies (1 returning traveller, 1 in Panama) 
[52, 55].  

2.4 Are the ZIKV particles in 
the placenta/amniotic 
fluid/umbilical cord 

Case report, 1 [52]; 
In vitro experiment, 

1 [72] 

None USAa 0 2  ZIKV isolated in placental tissue, following 
termination of pregnancy in a traveller returning from 
the Americas, did not replicate in SK-N-SH or Vero E6 
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infectious/capable of 
replication? 

cells suggesting that the virus particles were not 
infectious [52]; 

 In vitro experiment with primary human trophoblasts 
(PHT) from full-term placentas, infected with the 
Asian or African ZIKV lineage, showed no evidence for 
viral replication suggesting that ZIKV cannot replicate 
efficiently in PHT. The replication appeared to be 
inhibited by Type III Interferon produced by 
syncytiotrophoblasts. The authors concluded that 
ZIKV might not be transmitted vertically through 
trophoblasts but through other placental cells such as 
macrophages. The effect of ZIKV on PHT from first or 
second trimester placentas was not assessed [72]. 

2.5 Can ZIKV particles be 
found in brain or other 
tissues of cases with 
congenital 
abnormalities? 

Case report, 4 [34, 
38, 52, 61]; 

Case series, 2 [36, 
79] 

None Brazil, Sloveniaa, 
USAa 

6 0 ZIKV detected by RT-PCR and/or IHC in tissues from 8 
foetuses or neonates:  

 In brain tissue after stillbirth (1), neonatal death (5) or 
pregnancy termination (2) (6 in Brazil, 2 travellers 
returning from the Americas). Histopathological 
examination of the brain after neonatal death (3) 
showed the presence of ZIKV mainly in glial cells [34, 
36, 38, 52, 79]; 

 In other foetal tissues (muscle, lung, liver and spleen) 
after termination of pregnancy (1 case report) [52], 
but not in other foetal tissues from the other 7 cases 
[34, 36, 38, 79]; 

 In undefined tissue and blood of a neonate who died 
shortly after birth in Brazil [61].  

2.6 Are the ZIKV particles 
found in the brain 
infectious/capable of 
replication? 

Case report, 1 [52]; 
in vitro experiment, 

6 [44, 63, 69, 77, 
81, 91] 

None USAa 7 0 Evidence from 1 clinical case report and 6 in vitro 
studies suggest that ZIKV is able to replicate in human 
brain cells: 

 ZIKV isolated in the foetal brain following termination 
of pregnancy in a traveller returning from the 
Americas showed replication in both SK-N-SH and 
Vero E6 cells suggesting that the virus particles 
isolated in the brain were infectious and capable of 
replication [52]; 
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 The African ZIKV strain MR766 was shown to replicate 
in forebrain-specific human neural progenitor cells 
(hNPCs), neurons derived from hiPSCs and human 
cells derived from glioblastoma and astrocytoma. 
Infectivity was confirmed by inoculation of Vero cells 
with the supernatant of hNPCs [44];  

 The African ZIKV strain MR766 was also able to infect 
and replicate in neural stem cells (NSC), neurospheres 
and brain organoids derived from hiPSCs. Infected 
neurospheres showed morphological abnormalities 
and cell detachments, infected organoids had a 
reduced growth compared to controls [63]; 

 Inoculation of SH-SY5Y (human neuroblastoma) cells 
with both the African ZIKV strain MR766 and the 
Brazilian ZIKV strain led to viral replication confirmed 
by quantitative (q) PCR [69]; 

 Neurospheres grown from hiPCS induced neural stem 
cells were significantly smaller than controls when 
infected with the Brazilian strain ZIKV at day 3 post 
inoculation. At day 6, the number of infected 
neurospheres was reduced by 50% and at day 12, the 
infected neurospheres had completely disappeared 
indicating cell death due to viral replication [91]; 

 Human embryonic stem cell (hESC) derived cerebral 
organoids exposed to ZIKV MR766 showed significant 
decreased growth compared to mock treated 
controls, and RT-PCR confirmed increased viral copy 
number reflecting effective replication. 
Immunostaining indicated the presence of ZIKV 
mainly in neural progenitor cells (NPCs) [81];  

 Forebrain-specific organoids grown from hiPSCs were 
infected with ZIKV MR766 at early organoid stage. 
Compared to controls, infected organoids showed 
decreased size and reduced ventricular zone thickness 
suggestive of cell death and suppression of neural 
progenitor cell (NPC) proliferation. The infected cells 



S4 Table 

7 
 

were predominantly NPCs in early stage organoids, 
and NPCs and astrocytes in later stage organoids [77].  

2.7 Are there experimental 
studies that describe 
plausible biological 
mechanisms by which 
ZIKV infection could 
lead to congenital 
abnormalities? 

In vitro experiment, 
6 [29, 44, 63, 81, 
91, 93]; sequence 

analysis and 
phylogenetics, 3 

[54, 58, 92] 

None N/A 9 0 Three in silico studies and six in vitro experiments 
provide some insight into potential biological 
mechanisms: 

 An in silico approach found sequence 
complementarity of the ZIKV genome to human micro 
RNA (miRNA), which targets cell cycle genes such as 
cyclin-dependent kinase 6. Mutations of these genes 
are associated with neuronal or developmental 
disorders. Moreover, viral miRNA was predicted to 
target human genes such as PEX26, FGF2, SBF1, 
HOOK3 or PLEKHG4. These genes are also associated 
with neuronal or developmental disorders including 
microcephaly. These findings suggest a potential role 
of viral miRNA-mediated interference with human 
genes and human miRNA-mediated interference with 
viral genome resulting in a dysregulation of the brain 
development [58]; 

 An in silico prediction of human and viral B-cell 
epitopes found human proteins involved  in 
neurophysiological function such as pro-neuropeptide 
Y or NAV2 to mimic viral epitopes suggesting a 
potential role of autoimmunity in the pathogenesis of 
congenital abnormalities [54];  

 In silico sequence comparison of the ZIKV genome 
and human nucleotides associated with microcephaly 
resulted in a high overlap of the non-structural 
protein NS4b of ZIKV with the human gene 
astrotactin 2 (astn2), which is expressed during 
developmental stages in migrating, cerebellar granule 
neurons [92];  

 Primary human fibroblasts infected with French 
Polynesian ZIKV showed numerous double-
membrane intracytoplasmic vacuoles that are 
characteristic of autophagosomes. The addition of an 
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autophagy inhibitor decreased viral replication. These 
findings suggest that autophagy  induced by ZIKV 
might contribute to the ZIKV pathogenesis [29]; 

 ZIKV infection reduced human embryonic cortical 
neural progenitor cell viability by 29.9% and lead to a 
higher activation of caspase-3 compared to mock-
infected controls. Transcriptome analyses showed a 
downregulation of genes involved in the cell-cycle 
and an upregulation of genes for protein transport 
and catabolic/apoptotic processes suggesting that 
ZIKV may dysregulate the cell cycle and the 
transcription in neural progenitor cells [44]; 

 NSCs and cerebral organoids derived from hiPSCs 
showed the formation of apoptotic nuclei and an 
increased expression of caspase 3/7 after infection 
with ZIKV MR766. [63]. Upon infection with the 
Brazilian strain neurospheres also showed reduced 
expression of Nestin and SOX2 suggesting a reduction 
in progenitor cells. Infected cells were also 
predominantly in a sub-G1 mitotic phase. RNA-seq 
analysis showed 199 downregulated and 259 
upregulated proteins in ZIKV infected cells compared 
to controls. Downregulated proteins included 
proteins of the neurogenic programme and 
responsible for extracellular structure organisation, 
organelle location, synapse organisation, regulation 
of neuron development and cell morphogenesis. 
Upregulated proteins involved proteins for the cell 
cycle arest as well as viral replication and included in 
translation, cell cycle, intracellular transport, 
ribosome assembly [91] 

 hESC derived, immature cerebral organoids exposed 
to MR766 showed upregulation of the toll-like 
receptor 3 (TLR3) and treatment of organoids with a 
TLR3 inhibitor appeared to reverse the ZIKV-mediated 
shrinkage and apoptosis. These findings suggest that 
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activation of TLR3 may play a pivotal role in the ZIKV 
pathogenesis of the developing brain and that ZIKV 
infection may activate the TLR3 pathway leading to 
dysregulation of neurogenesis [81];The infection of 
Human lung epithelial cells (A549) with the French 
Polynesian strain (PF-25013-18) and an additional 
autophagy inhibitor or activator did not show any 
significant changes in ZIKV replication suggesting that 
autophagy may not play a major role in ZIKV 
replication. PARP, a marker for apoptosis, was 
significantly increased in ZIKV infected cells compared 
to mock-infected controls. Moreover, infected cells 
showed an increased transcription of the SOD2 gene 
indicating induction of apoptosis through the 
accumulation of mitochondrial ROS [93]; 

3. Strength of association Summary: Total, 7 items in 3 groups reviewed. Reviewer assessments found sufficient evidence of a strong association between ZIKV 
infection and congenital abnormalities for 2 of 2 questions. At the individual level, the effect size was extremely high, although imprecise, 
in 1 study and is likely to be high in the other study when follow-up is complete. At the population level, there is strong evidence of an 
association. 

3.1 How strong is the 
association between 
ZIKV infection and 
congenital 
abnormalities at the 
individual level? 

Cohort study, 1 
[42]; Modelling 

study, 1 [47] 
 

None Brazil, French 
Polynesia 

2 0 2 studies in different countries found evidence of a 
strong positive association between maternal exposure 
to ZIKV and congenital abnormalities: 

 1 cohort study in the state of Rio de Janeiro (Brazil) 
enrolled 88 women pregnant women with rash and 
fever. Of 72 with confirmed ZIKV infection, 12 of 42 
had one or more ultrasound scans with confirmed 
foetal brain abnormalities. In comparison, of 16 
women with rash and fever due to other causes all 
were reported to have had normal ultrasound scans. 
Follow-up is incomplete so an effect size was not 
presented [42]; 

 1 study collated data retrospectively about cases of 
microcephaly and Zika-like illness in surveillance 
reports during the 2013-14 outbreak in French 
Polynesia. The authors used statistical models to 
assess the likelihood of ZIKV exposure at different 
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stages of pregnancy. The best fitting model yielded a 
risk ratio (RR) of 53.4 (95% CI 6.5-1061.2) for 
microcephaly in women who acquired ZIKV in the first 
trimester. [47]. 

3.2 How strong is the 
association between 
ZIKV infection and 
congenital 
abnormalities at the 
population level? 

Ecological 
study/outbreak 

report, 2 [46, 49] 

[60, 78, 86] linked 
to [46, 49] 

Brazil 1b 0 2 items reporting on ecological analyses of the same 
sources of regional data from Brazil provide evidence of 
an association at population level: 

 1 item examined the correlation between the number 
of reported cases of Zika-like illness and the number 
of cases of suspected microcephaly per 1000 
pregnancies by state. There was a moderate positive 
correlation (Spearman's rank rho 0.52, p=0.005) [49]; 

 1 item compared the prevalence of microcephaly 
cases reported (Jan 2015 to Jan 2016) in 15 states 
with ZIKV transmission (2.8 per 10,000 live births, 95% 
CI 1.86-4.05) and 4 states without transmission (0.6 
per 10,000 live births, 95% CI 0.22-1.31). The 
calculated prevalence ratio is 4.7 (95% CI 1.9-13.3) 
[46]. 

4. Exclusion of alternative 

explanations 

Summary: Total, 28 items of 18 groups reviewed. Reviewer assessments found sufficient evidence at the individual level that alternative 
explanations have been excluded for 3 of 7 questions; no other single explanation could have accounted for clusters of congenital 
abnormalities. The evidence about other exposures could not be assessed because of an absence of relevant studies. 

4.1 Have other 
explanations/confound
ers of the association 
between ZIKV and 
congenital 
abnormalities been 
excluded, such as 
TORCHS 
(Toxoplasmosis; rubella; 
cytomegalovirus, CMV; 
herpes simplex virus, 
HSV; syphilis) or other 
congenital infections? 

Case report, 7 [34, 
38, 39, 52, 80, 85, 

90];  
Case series, 9 [32, 
35-37, 45, 51, 68, 

79, 89]; Cross-
sectional study: 1 

[88];  
Cohort study, 1 

[42] 

[41, 75] linked to 
[51] 

[43, 65, 73, 74, 
76] linked to [68] 
[30] linked to [37] 
[31, 33] linked to 

[88] 

Brazil, Colombia, 
French Polynesia, 

Slovenia,a USAa 

18 0 18 groups of studies reported testing for at least one 
TORCHS pathogen or other infection in the mother or 
the baby: 

 18 excluded CMV: 265 individuals, 100% negative or 
mothers immune [32, 34-39, 42, 45, 51, 52, 68, 79, 80, 
85, 88-90]; 

 16 excluded rubella: 261 individuals, 100% negative or 
mothers immune [32, 34-39, 42, 45, 51, 52, 68, 79, 80, 
88, 90]; 

 17 excluded toxoplasmosis: 251 individuals, 100% 
negative or mothers immune [32, 34-39, 45, 51, 52, 
68, 79, 80, 85, 88-90]; 
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 13 excluded HSV: 245 individuals, 99.5% negative or 
mothers immune, 1 infant IgM positive [32, 34-37, 45, 
51, 52, 68, 79, 85, 88, 90]; 

 12 excluded acute dengue virus (DENV, IgM and/or 
RT-PCR): 190 individuals, 99% negative, 2 were IgM 
positive[34, 36, 37, 39, 42, 45, 51, 52, 68, 80, 88, 90]. 
10 studies tested for DENV IgG: five cases from 4 case 
reports and 88% of the cohort study were found 
positive [34, 42, 51, 52, 90]; 

 10 excluded HIV: 104 individuals, 100% negative [35-
38, 45, 51, 80, 85, 88-90]; 

 6 excluded chikungunya virus (CHIKV): 8 individuals, 
100% negative or immune [34, 37, 39, 45, 52, 90]; 

 3 excluded human parvovirus B19: 4 individuals, 100% 
negative [34, 37, 52]. 

4.2 Have other 
explanations/confound
ers of the association 
between ZIKV and 
congenital 
abnormalities been 
excluded, such as 
maternal exposure to 
toxic chemicals (heavy 
metals, pesticides, 
drugs, alcohol, others)? 

Case series, 4 [35, 
37, 51, 79] 

[41, 75] linked to 
[51] 

[30] linked to [37] 

Brazil 4 0  3 studies reported exclusion of maternal alcohol 
consumption or drug/medication during pregnancy 
[35, 37, 51, 79]; 

 No study reported the exclusion of environmental 
toxin exposure. 

 

4.3 Have other 
explanations/confound
ers of the association 
between ZIKV and 
congenital 
abnormalities been 
excluded, such as 
maternal or foetal 
malnutrition? 

None None N/A 0 0 No study reported the exclusion of foetal or maternal 
malnutrition. 
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4.4 Have other 
explanations/confound
ers of the association 
between ZIKV and 
congenital 
abnormalities been 
excluded, such as 
hypoxic-ischaemic 
lesions? 

None None N/A 0 0 No study reported the exclusion of ischaemic-hypoxic 
lesions during pregnancy. 

4.5 Have other 
explanations/confound
ers of the association 
between ZIKV and 
congenital 
abnormalities been 
excluded, such as 
genetic conditions? 

Case report, 2 [34, 
90];  

Case series, 1 [51] 

[41, 75] linked to 
[51] 

Brazil, French 
Polynesia, 
Sloveniaa 

3 0 3 studies reported testing for the exclusion of a genetic 
cause of congenital anomalies by karyotyping [34, 51, 
90].  

4.6 Have other 
explanations/confound
ers of the association 
between ZIKV and 
congenital 
abnormalities been 
excluded, such as 
radiation? 

None None N/A 0 0 No study reported the exclusion of maternal exposure 
to radiation during pregnancy. 

5. Cessation Summary: Total, 6 items in 2 groups reviewed. Reviewer assessments found sufficient evidence for 1 of 3 questions. In two states of Brazil 
and in French Polynesia cases of congenital abnormalities decreased after ZIKV transmission ceased. Evidence for the other questions could 
not be assessed because no relevant studies were identified.  

5.1 Does the intentional 
prevention/removal/ 
elimination of ZIKV 
infection in individuals, 
e.g. by insect repellents, 
lead to a reduction in 
cases with congenital 
abnormalities? 

None None N/A 0 0 No relevant studies identified. 1 cohort study compared 
the use of insect repellent in women with ZIKV (19/47, 
40%) and women without ZIKV (3/10, 30%) [42]. The 
authors did not report on the numbers of women with 
abnormal ultrasound scans according to the use of 
insect repellent.  
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5.2 Does the intentional 
removal/elimination/pr
evention of ZIKV at 
population-level, e.g. by 
vector control, lead to a 
reduction in cases with 
congenital 
abnormalities? 

None None N/A 0 0 No relevant studies identified  

5.3 Does a natural 
removal/elimination/pr
evention of ZIKV at 
population-level, e.g. 
increase in immune 
individuals or decrease 
in vector abundance 
lead to a reduction in 
cases with congenital 
abnormalities? 

Ecological 
study/outbreak 

report, 2 [57, 78] 

[46, 49, 60, 86] 
linked to [78] 

Brazil 2 0 At population level, a decrease in microcephaly cases 
was observed following a decrease in Zika cases in 
Pernambuco state [57] and Bahia state [78], Brazil. 

6. Dose-response 

relationship 

Summary: Total, 0 items. This dimension could not be assessed because of an absence of relevant studies 

6.1 Are the risk and the 
clinical severity of 
congenital 
abnormalities 
associated with viral 
load in maternal serum, 
urine, the placenta 
and/or amniotic fluid? 

None None N/A 0 0 No relevant studies identified. 

6.2 Are the risk and the 
clinical severity of 
congenital 
abnormalities 
associated with the 
clinical severity 
(including being 

None None N/A 0 0 No relevant studies identified. 
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asymptomatic) of ZIKV 
infection in the mother? 

7. Animal experiments Summary: Total, 20 items reviewed. Reviewers assessments found evidence from animal experimental studies for all 4 questions that 
supports a causal link between ZIKV and congenital abnormalities. Inoculation with ZIKV of pregnant rhesus macaques and mice can result 
in foetal abnormalities, viraemia and brain abnormalities. Experiments to induce viral replication after inoculation of ZIKV intracerebrally 
and at other sites in a variety of animal models have produced mixed results.  

7.1 Does inoculation of 
pregnant female 
animals with ZIKV cause 
congenital 
abnormalities in the 
offspring? 

Animal experiment, 
3 [70, 82, 84] 

None N/A 3 0  Two pregnant rhesus macaques (ZIKV-003 and ZIKV-
005) were challenged subcutaneously in the first 
trimester with the French Polynesian and the Asian 
ZIKV strain, respectively. No viral RNA was detected 
by qRT-PCR on day 42 post infection in a sample of 
amniotic fluid of ZIKV-003. Initial ultrasounds of ZIKV-
003 showed normal head circumference of the 
foetus, while later measurements at gestational day 
76-81 were still in the normal range but 
approximately two standard deviations below the 
mean. Additionally, placental calcifications were 
observed. Compared with male animals, both 
pregnant females showed prolonged viral load 
oscillating between 500 and 5000 copies of RNA/mL 
until days 40-50 post inoculation in the serum, but 
not in the urine. These findings might suggest a foetal 
infection and continuous foetal shedding of virus back 
into the maternal circulation. These experiments are 
still ongoing as of August 10, 2016 [70]; 

 Female Ifnar1 -/- (interferon alpha/beta receptor KO) 
mice were crossed with wildtype males (C57BL/6) to 
generate Ifnar1 +/- heterozygous offsprings. The 
dams were inoculated subcutaneously on embryonic 
days 6.5 and 7.5 with the French Polynesian strain of 
ZIKV and sacrificed 7 days later. The majority of the 
foetuses had died and were resorbed in utero. The 
remaining foetuses showed significant intrauterine 
growth restriction. No microcephaly was observed. 
High levels of viral RNA were detected by RT-PCR in 
the placentas as well as in the heads of the foetuses. 
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Moreover, histological analysis showed activation of 
caspase3 in the mid- and hindbrains. Viral RNA was 
detected by FISH in placental trophoblasts, and 
virions were detected by electron microscopy in the 
ER of mononuclear trophoblasts. Histological analyses 
showed destruction of placental microvasculature 
and apoptosis. These findings suggest that the mouse 
placenta is susceptible to ZIKV infection, which may 
lead to placental insufficiency and malfunction, and 
subsequent foetal growth restriction [84]. 

 Injection of ZIKV SZ01 intraperitoneally into the 
pregnant C57 mice showed the presence of ZIKV in 
the cells of the ventricular zone of the embryos.  The 
main cell infected were radial glial cells as shown by 
the colocalisation of ZIKV and BLBP proteins. ZIKV 
infected brains also exhibited a reduced mitotic 
activity suggestive of inhibition of proliferation of 
cortical neural progenitors. Compared to mock 
infected controls, ZIKV infection was associated with 
reduced mRNA levels of genes involved in brain 
development and cell cycle regulation such as 
MCPH1, CASC5, CKD6 and others. Global 
transcriptome analysis confirmed that Zika virus 
infection led to the upregulation of genes involved in 
the immune response and cell death and to a 
downregulation of genes involved in cell proliferation 
and negative-regulation of apoptosis. 
Morphologically, the perimeters of the cortex of ZIKV 
infected mice were significantly shorter than that of 
controls, but there were no differences in cortical 
thickness [82]. 

7.2 Does intracerebral 
inoculation of animals 
with ZIKV lead to viral 
replication in the CNS? 

Animal experiment, 
10 [21-25, 27, 28, 

48, 82, 83] 

None N/A 10c 0c 
 

In vivo animal experiments provide inconclusive 
evidence of neurotropism of ZIKV through direct 
cerebral inoculation: 

 Adult Swiss mice inoculated with the original ZIKV 
strain isolated in Uganda (MR766) showed signs of 
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sickness or died in in vivo serial passage experiments. 
An increase in passage numbers was associated with 
an increased number of paralysed mice, increased 
mortality and decreased incubation time suggesting 
viral adaptation to the host [21, 22]. Contrarily, cotton 
rats, guinea pigs, rabbits, Grivet monkeys, red-tailed 
monkey and Rhesus macaques inoculated 
intracerebrally with infected mouse brain suspensions 
of the ZIKV MR766 strain showed no signs of illness 
[22]; 

 Syrian hamsters showed symptoms of nervous system 
involvement after intracerebral inoculation with ZIKV 
derived from Swiss mouse brain suspensions from 
serial passage experiments (MR766 strain) [24]; 

 The histopathology of Swiss mice inoculated with the 
serum of a human volunteer who was experimentally 
infected with a Nigerian strain of ZIKV, showed signs 
of viral encephalitis [23];  

 The histopathology of infant Swiss mice inoculated 
with ZIKV isolated in Aedes mosquitoes from Entebbe 
(Uganda), showed degeneration of nerve cells mainly 
in the hippocampal region, “brain softening” and 
porencephaly after serial passaging as well as signs of 
myocarditis and skeletal myositis [25]; 

 The histopathology of infant and adult Swiss mice 
inoculated with the lyophilised ZIKV MR766 strain 
showed patchy destruction of astroglia cells, astrocyte 
hypertrophy both in infant mice (pyriform cells of 
Ammon's horn only) and 5 week old mice (whole 
cortex). Both glial and neuronal cells showed "viral 
factories" within the endoplasmic reticulum 
suggesting viral replication in both neurons and 
astroglial cells [27]. 

 Suckling infant Porton strain mice were more 
susceptible to infection and required a lower lethal 
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dose (LD50) than adult mice after intracerebral 
inoculation with ZIKV (MR766) strain [28]; 

 Direct injection of ZIKV SZ01 (isolated from a Chinese 
traveller infected in Samoa) into the lateral ventricles 
of ICR mouse embryos on day 13.5 in utero showed 
effective viral replication in foetal brains mostly in the 
ventricular (VZ) and subventricular zone (SVZ) where 
NPCs are located. Compared to mock-infected 
controls, the brains of ZIKV infected foetuses were 
smaller and the ventricles were enlarged. ZIKV 
infected brains also showed an increased activation of 
caspase3 suggestive of cell death. IHC also revealed to 
co-localisation of ZIKV and markers of progenitor cells 
(Sox2, Pax6, Tbr2) suggesting that ZIKV replicates 
mostly in NPCs. Staining for phosphorylated H3 
showed that compared to controls, ZIKV infected 
brains had less NPCs in the mitotic phase M, 
suggesting that ZIKV inhibits the cell cycle and cell 
differentiation. Global transcriptome analysis (RNA-
seq) showed an upregulation of genes involved in the 
immune response, including cytokines, and in 
apoptosis, and a downregulation of genes involved in 
cell proliferation, differentiation, and cell migration 
[83];  

 ZIKV SZ01 was directly injected into the lateral 
ventricles of in C57 mice in utero. Histological 
examinations some days later showed the presence of 
ZIKV in the cells of the ventricular zone of the dorsal 
telencephalon and in the striatum of the embryos 
[82]; 

 Two day-old BALB/c suckling mice were inoculated 
intracerebrally with acute phase serum of a chinese 
traveller returning from Samoa (ZIKV isolate SZ01). 
Seven days post inoculation the majority of the 
inoculated animals showed neurological symptoms 
including inactivity, hind-leg  paralysis  and  
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hypersomnia. ZIKV infection was confirmed in the 
brains of the mice by RT-PCR [48]. 

7.3 Does any other route of 
inoculation of animals 
with ZIKV lead to viral 
replication in the CNS? 

Animal experiment, 
8 [24, 26, 50, 53, 

59, 62, 71, 87] 

None N/A 8c 0c In vivo animal experiments provide inconclusive 
evidence of neurotropism of ZIKV through direct non-
cerebral inoculation: 

 Syrian hamsters did not show signs of illness when 
inoculated intranasally, intralingually, intraorally, 
intradermally, intrarectally, intracardially and 
intramuscularly with infected mouse brain suspension 
derived from serial passage experiments with ZIKV 
(MR766 strain) [24]; 

 23 monkeys of the genus colobus, cynocephalus and 
cercopithecus were captured in Ethiopia in 1962-
1964, and the brains were harvested and examined. 
Histopathological lesions were found in 18 of 23 
individuals, of which 12 had serological evidence for 
acute or past Zika virus infection (7 monoinfection, 2 
in combination with YF and 3 in combination with 
group A viruses). The histopathological lesions 
included satellitosis, gliosis, involution of pyramidal 
cells and demyelination. All lesions indicated 
degenerative processes rather than acute reactive 
suggestive of past infections [26]; 

 After subcutaneous inoculation with the African ZIKV 
strain 1751, adult A129 (interferon alpha/beta 
receptor KO) mice showed clinical signs of infection 
and inflammatory and degenerative histopathology of 
the brains as well as condensed nuclei of hippocampal 
neurons and high viral loads in the brain and other 
organs, while wild type 129Sv/Ev mice showed no 
clinical or histopathological infection [53];  

 129/sv AG129 mice (interferon alpha/beta/gamma 
receptor KO) were inoculated peritoneally with ZIKV 
(MR766). Inoculated mice showed signs of paralysis in 
the lower limbs. Viral RNA was detected in brain, 
spleen, liver and kidney as well as in testicles by RT-
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PCR. Histopathological analyses showed viral antigens 
in neurons of the brain and the spinal cord as well as 
in hepatocytes. The brain lesions were consistent with 
acute neutrophilic encephalitis [62]; 

 Various immune-deficient mouse models as well as 
two wildtype (WT) models were inoculated 
subcutaneously or intravenously with several historic 
and contemporary ZIKV strains. Ifnar1 KO and 
Ifnar3/5/7 tripple KO mice showed signs of illness 
including neurological symptoms such as hindlimb 
weakness and paralysis, and died within 10 days after 
inoculation with ZIKV H/PF/2013. WT mice showed no 
signs of illness, or mortality. Immune-deficient mice 
inoculated with MR766 showed decreased mortality 
compared to the French Polynesian strains. 
Inoculation with the Dakar ZIKV strains showed no 
mortality in adult immune-deficient or WT mice, 
however suckling infant WT mice died within days. 
Viral loads for H/PF/2013 were higher in immune-
deficient Ifnar1 KO mice in spleen, liver, kidney, 
serum, testes, brain and spinal cord than in WT mice 
as detected by qRT-PCR. Viral replication was 
confirmed in plaque assays in testes, brain and spinal 
cord of Ifnar1 ko, but not WT mice [71]; 

 Low-passage ZIKV from the Asian strain (FSS13025) 
was injected subcutaneously, intradermally or 
intraperitoneally in immune-deficient (A129, AG129) 
and in immunocompetent mice (CD1, C57B1/6J). 
Infected A129 and AG129 mice showed clinical signs 
of illness. Young mice (3 weeks) showed severe illness 
including tremors, and died several days post 
inoculation. Older animals (11 weeks) showed less 
severe illness and none were moribund. ZIKV was 
detected by Vero cell culture and IHC staining in all 
organs, but the highest viral loads were observed in 
spleen, testes and brains. Immunocompetent control 
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mice showed no signs of illness and no viraemia was 
detected, but viral loads in organs were not 
established in these models [50]; 

 Six rhesus macaques were inoculated subcutaneously 
with a French Polynesian strain of ZIKV (3 animals) or 
with the African lineage (MR766) (3 animals). 
Viraemia was observed in all animals infected with the 
Asian lineage and in 2 of 3 infected with the African 
lineage. Compared to the African lineage, animals 
infected with the Asian lineage showed higher peak 
viraemia with the same inoculation dose. In the group 
exposed to the Asian lineage, ZIKV was isolated from 
Urine and saliva after plasma clearance. ZIKV was also 
detected by qRT-PCR in CSF of the Asian group 
suggesting viral replication in the CNS. However, 
infectivity of virus isolated in the CSF was not 
assessed. All animals showed an elevated serum 
creatine kinase (CK) during viraemia [59]; 

 Eight week old and three to four week old AG129 
mice lacking the interferon alpha, beta and gamma 
receptors were inoculated subcutaneously (foot pad) 
or intraperitoneally with the French Polynesian ZIKV 
strain (H/PF/2013, log10 decreasing doses from 10E5 
PFU to 1 PFU). All mice (young and adult) inoculated 
with 10E5 PFU ZIKV (foot pad or intraperitoneally) 
were moribund and euthanized on day 7 post 
inoculation. Mice showed signs of lethargy, but none 
showed signs of paralysis during illness. Viral loads 
were high in all tissues (liver, spleen, brain, kidney, 
intestine, heart, skeletal muscle and lung), but highest 
in the brains of young mice as detected by qRT-PCR. 
Histopathological examinations showed no tissue 
damage in heart, liver, spleen, intestines, kidney and 
lung). One animal had signs of inflammation and 
degeneration in a hindlimb muscle sample. The brains 
showed major pathological changes including 
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neutrophil infiltration of the hippocampus and 
adjacent to the choroid plexus, the meninges and 
cortical tissue, as well as necrosis and neutrophilic 
infiltration of primordial germ cell regions [87]; 
Intraperitoneal inoculation of adult A129 (interferon 
receptor ko) mice with the ZIKV MR766 strain led to 
paralysis in the lower limbs. Histopathological analysis 
showed neutrophilic encephalitis and viral antigens in 
the neurons of brain and spinal cords [62]. 

7.4 Do other experiments 
with animals or animal-
derived cells support 
the association of ZIKV 
infection and congenital 
abnormalities? 

In vitro experiment, 
1 [69] 

None N/A 1 0 The inoculation of primary E14 mouse cortex derived 
NSC with ZIKV showed active replication in both 
traditional cell culture and neurospheres. The 
pathological changes included decreased neurospheres 
sizes and decreased neurites formation as well as 
decreased neuronal branching [69].  

8. Analogy Summary: Selected studies reviewed. There are analogies with the well-described group of TORCH infections. Microcephaly has been 
described following the flavivirus West Nile virus (WNV) infection in pregnancy but not DENV. Evidence was not reviewed systematically. 

8.1 Do other flaviviruses or 
arboviruses cause 
congenital 
abnormalities and by 
which mechanism(s)? 

Studies not found 
through systematic 

searches 

N/A N/A N/A N/A  WNV: A descriptive population-wide study in the US 
identified 72 women who acquired laboratory 
confirmed WNV during pregnancy. Four women had 
miscarriages, 2 had elective abortions and 68 delivered 
live infants. 4.8% of the infants were of low 
birthweight and 7 had major birth defects including 2 
(3%) with microcephaly (2nd trimester exposure). One 
infant with microcephaly and radiologically confirmed 
brain abnormalities died 3 days postpartum, the other 
had no structural abnormalities and was reported to 
have normal development [97].   

 DENV: A systematic review about maternal dengue 
infection and pregnancy outcomes found 30 studies 
reporting vertical transmission of DENV from different 
geographical regions. The vertical transmission rate in 
one comparative study was reported as 1.6%. The 
adverse pregnancy outcomes included low birth 
weight and foetal death but not microcephaly or other 
congenital abnormalities [98].    
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8.2 Do other pathogens 
cause congenital 
abnormalities and by 
which mechanism(s)? 

Studies not found 
through systematic 

searches 

N/A N/A N/A N/A The TORCH infections, when acquired in pregnancy, 
cause congenital syndromes.  

 Congenital rubella syndrome was first described in a 
case series in 1941, where the majority of women 
were exposed to rubella in the first or second month 
of pregnancy. The clinical spectrum of sequelae in the 
foetus or infant includes ophthalmological 
abnormalities such as cataract or microphthalmia, and 
cardiac defects [95]. 

 Cytomegalovirus (CMV) causes birth defects when 
transmitted vertically with an estimated foetal 
infection rate of 1.4%. The virus is believed to cross 
the placenta via transcytosis by binding to maternal 
IgG antibodies and foetal Fc receptors expressed on 
placental cells [96].  

8.3 Which pathogen or host 
factors facilitate the 
development of 
congenital 
abnormalities? 

Studies not found 
through systematic 

searches 

N/A N/A N/A N/A Other congenital viral syndromes depend on the stage 
of pregnancy at infection, with infection in the first 
trimester associated with more severe abnormalities 
[95, 96]. 

9. Specificity Summary: Total, 0 items reviewed. We did not find any studies that identified congenital abnormalities that were found following Zika virus 
infection in pregnancy but not in other congenital infections. The studies included described a wide range of abnormalities on clinical and 
neuroimaging examinations. Many of the abnormalities described are also found in other congenital infections, but with a different 
pattern.    

9.1 Are there pathological 
findings in cases with 
congenital 
abnormalities that are 
specific for ZIKV 
infection? 

None None N/A 0 0 No relevant studies identified 
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10. Consistency Summary: For 3 of 4 questions, the evidence assessed was consistent. By geographical region, maternal exposure to ZIKV has been 
associated with the occurrence of congenital abnormalities in all three regions where ZIKV has circulated since 2007. By study design, the 
association between ZIKV infection and congenital abnormalities has been found in studies at both individual and population level and with 
both retrospective and prospective designs. By population group, ZIKV infection has been linked to congenital abnormalities in both 
women resident in affected countries and in women from non-affected countries whose only possible exposure to ZIKV was having 
travelled in early pregnancy to an affected country. The evidence according to ZIKV lineage is inconsistent because an association between 
ZIKV and congenital abnormalities has only been reported from countries with ZIKV of the Asian lineage since 2013.    

10.1 Is an association 
between ZIKV infection 
and cases with 
congenital 
abnormalities 
consistently found 
across different 
geographical regions? 

Ecological study/ 
outbreak report, 1 

[13] 

None N/A N/A N/A Findings across different regions partly consistent: 

 Reports of congenital abnormalities in association 
with ZIKV infection have been observed in all three 
regions with ZIKV transmission since 2007: Pacific 
(French Polynesia); the Americas (Brazil, Colombia, 
Martinique, Panama, and in two returning travellers 
from countries with reported ZIKV transmission); and 
Africa (Cabo Verde) [13, 66]; 

 Within regions, not all countries with ZIKV 
transmission have reported cases of congenital 
abnormalities linked to maternal ZIKV infection; 

 A review of cross-sectional studies from different 
countries in Africa and Asia from 1945-2014 showed 
ZIKV seroprevalence of 0.6-64% in African countries 
and 2.3-75% in Asian countries [99] suggesting that 
ZIKV might have been endemic in several countries for 
many years. No reports identified that indicated 
increased numbers of cases of congenital 
abnormalities above baseline levels in these 
countries. Possible explanations include small case 
numbers or population size, poor surveillance, high 
levels of immunity to ZIKV, or a lack of an association. 

10.2 Is the association 
between ZIKV infection 
and cases with 
congenital 
abnormalities 
consistently found 
across different 

Case report, 3 [34, 
52, 85]; case series, 

1 [40] 

None N/A N/A N/A  Women who travelled in early pregnancy to, or who 
became pregnant in a ZIKV affected country have had 
babies with congenital abnormalities, pregnancy loss, 
or termination of an affected pregnancy. The fact that 
we observe congenital abnormalities in these 
travellers despite a different lifetime exposure to 
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populations/ 
subpopulations? 

other teratogenic agents shows that the association 
can be made across populations [34, 40, 52, 85] .  

 No relevant studies found to have examined the 
association in different subpopulations within a 
country, e.g. by ethnic group 

10.3 Is the association 
between ZIKV infection 
cases and cases with 
congenital 
abnormalities 
consistently found 
across different ZIKV 
lineages/strains? 

Animal experiment: 
1 [71], 

In vitro experiment: 
2 [69, 77] 

None N/A N/A N/A The data on differential pathogenicity by ZIKV strain or 
lineage is inconsistent to date: 

 Several African countries, where the African ZIKV 
lineage is presumably endemic, have not reported 
congenital abnormalities as a complication of ZIKV 
infection.  

 An in vitro experiment showed that both African and 
Asian lineage viruses show neurotropism, but with 
effects that differed according to cell type. In 
undifferentiated cells (E14 Swiss mouse derived NSC) 
the Brazilian (Asian lineage) strain showed more 
replication than the Ugandan (African, MR766) strain. 
In differentiated cells (SH-SY5Y human neuroblastoma 
cells and E14 Swiss mouse derived neurospheres), the 
Ugandan strain MR766 had higher replication than 
the Brazilian strain [69]; 

 Infection of early-stage forebrain-specific organoids 
grown from hiPSCs with both the African lineage 
(MR766) and the Asian lineage (FSS13025 from 
Cambodia) showed the enrichment of ZIKV and thus 
viral replication in NPCs [77];  

 Subcutaneous inoculation of various 
immunocompetent and immune-deficient mouse 
models with the Asian strain (H/PF/2013) and the 
African strain (MR766) showed similar 
survival/mortality pattern for both strains. Increased 
mortality was observed after intravenous inoculation 
of Ifnar1 ko mice with the Asian strain compared to 
Ifnar ko mice infected with the African strain. This 
observation was not made for Ifnar3/5/7 triple ko 
mice [71].  
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10.4 Is the association 
between Zika cases and 
cases with congenital 
abnormalities 
consistently found 
across different study 
designs? 

Case report, 7 [34, 
39, 52, 67, 80, 85, 

90];  
Case series, 9 [32, 
35-37, 40, 45, 51, 

68, 89];  
Cross-sectional: 1 

[88]; 
Cohort, 1 [42] 

Ecological study/ 
outbreak report, 2 

[57, 78] 
 

[43, 65, 73, 74, 
76] linked to [68];  
[41, 75] linked to 

[51]; 
[30] linked to 

[37]; 
[31, 33] linked to 

[88] 
[46, 49, 60, 86] 
linked to [78] 

N/A N/A N/A Evidence of an association between maternal ZIKV 
infection and congenital abnormalities has been shown 
in epidemiological studies with different designs:  

 22 groups of case series, case reports and a cross-
sectional study provide evidence in favour of at least 
one dimension of causality;  

 1 cohort study provides evidence for three 
dimensions of causality, including a potentially strong 
measure of effect; 

 3 groups of ecological/modelling studies with data 
from different states in Brazil and French Polynesia 
provide evidence in favour of causality for at least two  
dimensions of causality. 

Abbreviations: CHIKV, chikungunya virus; CMV, cytomegalovirus; CSF, cerebrospinal fluid; DENV, dengue virus; FISH, fluorescence in situ hybridization; HSV, 

herpes simplex virus; HEK, human embryonic kidney cells; hESC, human embryonic stem cells; hiPSC, human induced pluripotent stem cells; hnPC, human 

neural progenitor cell; IHC, immunohistochemistry; KO, knockout; mRNA, messenger RNA; miRNA, micro RNA; NSC, neural stem cell; PHT, primary human 

trophoblasts; qPCR, quantitative polymerase chain reaction; RESP, Registro de Eventos em Saúde Pública; RT-PCR, reverse transcriptase PCR; ROS, reactive 

oxygen species; RR, risk ratio; SINASC Sistema de Informações de Nascidos Vivos; ZIKV, WNV, West Nile virus; Zika virus. 
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